ABSTRACT
under physiologic conditions is incompletely understood. We expressed ROMK2 channels in Xenopus oocytes and measured unitary currents in the inside-out and cell-attached modes of the patch-clamp technique. With 110 mM K ϩ on both sides of the membrane, 0.2 to 5 mM Mg 2ϩ on the cytoplasmic side reduced outward currents, but not inward currents, at V m Ͼ 0. Interactions between Mg 2ϩ and K ϩ cations can affect K homeostasis. [1] [2] [3] In particular, under conditions of Mg deficiency, it can be difficult to restore K balance unless the Mg deficit is corrected. 4 Recently, Huang and Kuo 5 suggested that Mg 2ϩ block of rat outer medullary K (ROMK) or Kir1.1 channels might play a role in this phenomenon.
Experiments with starfish eggs, 6 and cardiac myocytes, 7 first showed that intracellular Mg 2ϩ can block K ϩ channels in a voltage-dependent manner, accounting in part for the property of inward rectification. After the molecular identification and cloning of the inward-rectifier K channel family, it was shown that internal Mg 2ϩ is a potent blocker of the so-called "strong" inward rectifiers, including those of the Kir2 and Kir3 families, but is much less effective on the "weak" inward rectifiers, such as Kir1 and Kir6. The differences are accounted for in part by critical negative charges in the transmembrane and cytoplasmic parts of the channels. 8 -10 A key aspect of the hypothesis of Huang and Kuo 5 was that the affinity of block by Mg 2ϩ would be increased to levels comparable to physiologic concentrations when extracellular (luminal) K ϩ was low. The dependence of the affinity of the blocking ions on extracellular permeant ions is a hallmark of strong inward rectifiers, [11] [12] [13] but relatively little information is available for weak rectifiers such as ROMK. Lu and MacKinnon 8 showed that decreasing external K ϩ increased the blocking affinity of internal Mg 2ϩ in ROMK but did not study K ϩ concentrations below 40 mM. In this paper, we test the affinity of block of ROMK channels by intracellular Mg 2ϩ at different concentrations of extracellular K ϩ . We find that when extracellular K ϩ is 1 to 10 mM, as expected for fluid entering the K ϩ -secretory part of the nephron, the channels are blocked by Mg 2ϩ concentrations of 1 mM or less over the physiologic voltage range of the apical membrane. We also explored block of the channels by extracellular Mg 2ϩ . Figure 1 shows recordings from excised inside-out patches from an oocyte expressing ROMK2, with 110 mM K ϩ on both sides of the membrane. In Figure 1A , the cytoplasmic (bath) solution contained no added Mg 2ϩ . Figure 1B shows another patch under identical conditions except for the addition of 1 mM Mg 2ϩ to the bath solution. In the absence of Mg 2ϩ , inward and outward currents are comparable for the same electrical driving force, and the current-voltage (I-V) relationship is nearly linear over the voltage range of Ϯ100 mV ( Figure 1C) , with only mild inward rectification. In the presence of Mg 2ϩ , inward currents are affected very little, but outward currents decrease in a voltage-dependent manner. The results are similar to those reported previously. 8, 14 Currents with lower (0.2 mM) and higher (5 mM) Mg 2ϩ are also plotted in Figure 1C . Thus, under conditions of high K ϩ in the lumen and negative membrane potentials, physiologic levels of intracellular Mg 2ϩ (assumed to be Ͻ1 mM, see Discussion) will have little effect on currents through ROMK channels. Figure 2 shows a situation in which conditions mimic more closely those that pertain to renal K ϩ secretion in the distal nephron. Here the K ϩ concentration in the extracellular (pipette) solution is reduced to 11 mM, allowing outward flow of K ϩ for membrane voltages greater than Ϫ60 mV. Currents shown in Figure 2 , A and B, were obtained with bath solutions identical to those in Figure 1 . In the absence of Mg 2ϩ , the I-V relationship shifts from inward to moderate outward rectification and the reversal potential shifts to approximately Ϫ60 mV, reflecting the change in the equilibrium potential for K ϩ . Again, outward currents are decreased in the presence of different concentrations of Mg 2ϩ in the bath. However, in this case, the inhibition can be observed with negative membrane potentials.
RESULTS
Extracellular K ϩ was further reduced to 1.1 mM, as shown in Figure 3 . This concentration could pertain to renal tubular fluid as it enters the distal convoluted tubule. 15 Here inward currents could not be measured because the reversal potential was shifted to values less than Ϫ100 mV, as expected from the K ϩ equilibrium potential. Outward currents at voltages greater than Ϫ50 mV were clearly inhibited by Mg (Table 1) . To confirm these results in a physiologically relevant cell, we carried out wholecell clamp measurements in principal cells of the rat cortical collecting ducts (CCDs). Pipette solutions contained 140 mM K ϩ with or without 1.2 mM Mg, and bath solutions contained 5 mM K ϩ . Kir1.1 activity was assessed as the outward current at a holding potential of 0 mV that was inhibited by the modified honey bee toxin Tertiapin-Q (TPNQ), termed I SK , as described previously. 16 Examples of these currents are shown in Figure 5 , A and B. There was considerable variability in the magnitude of this current from cell to cell and especially from tubule to tubule. To partially control for this variability, we made measurements with and without Mg 2ϩ in paired cells from the same tubules. As shown in Figure 5C , mean values of I SK in the presence of internal Mg 2ϩ were 30% of that measured in cells in the absence of Mg 2ϩ . Currents measured in the same tubule were highly correlated ( Figure 5D ). The mean ratio of current with and without Mg 2ϩ was 0.31 Ϯ 0.03. Also plotted in Figure 5C are results of similar experiments using animals fed a high-K diet for 1 week. Here, a similar degree of inhibition was observed, although in this case, the measurements were not paired. Because of the presence of large currents from basolateral K ϩ and Cl Ϫ channels, it was not possible to routinely establish the voltage dependence of the Mg 2ϩ effect in the CCD. Single-channel currents through ROMK channels in the CCD do exhibit rectification, consistent with block by Mg 2ϩ . Figure 6 shows the I-V relationship in the cell-attached configuration with 140 mM K ϩ in the pipette to match that in the cytoplasm. The data are well described by equations 1 and 2 using values of K i (0) and ␦ determined in oocytes and assuming cytoplasmic [Mg 2ϩ ] ϭ 0.7 mM. During periods of dietary Mg restriction and Mg deficiency, the concentration of the ion in the luminal fluid of the distal nephron will also decrease. 17, 18 We therefore studied the effects of extracellular Mg 2ϩ on ROMK channel currents. Figure 7C ). We used equations 1 and 2 to analyze these data as well, as shown in Figure 7D . Here the inhibition constants for external Mg 2ϩ block in the absence of a voltage were larger (6 to 7 mM) than those for internal block (1 to 2 mM; Figure 4 ) under similar conditions ( Table 2 ). The voltage dependence was reversed, as expected if Mg 2ϩ binds within the electric field across the membrane. Block by external Mg 2ϩ was also reduced by increased extracellular K ϩ ; with 110 mM K ϩ in the pipette solution, K i (0) increased to 19 mM ( Figure 7D) .
To assess the impact of Mg 2ϩ block on K ϩ secretion, we used a numerical model of the connecting tubule (CNT)/CCD used previously to study transepithelial K ϩ transport. 16, 19 Mg 2ϩ block was incorporated into the model in the presence of low luminal K ϩ by assuming two blocking sites, one for cytoplasmic Mg 2ϩ with a K i (0) of 1.4 or 0.6 mM, corresponding to results from single-channel and whole-cell measurements, respectively, and a z␦ value of 0.64, and a second site for luminal Mg 2ϩ with a K i (0) of 6.2 mM and z␦ value of 0.24. We further assumed that luminal and cytoplasmic Mg 2ϩ would change in parallel. Varying Mg 2ϩ from 0 to 1 mM reduced net secretory K ϩ flux J K ( Figure 8A ) and the apical K ϩ conductance G K ( Figure 8B ) by up to 55%, depending on the unblocked apical K ϩ conductance. The larger percentage block at lower basal G K reflects the depolarization of the apical membrane voltage. The relationship between the maximal block at 1 mM Mg 2ϩ and the unblocked conductance is shown in Figure 8C .
DISCUSSION
We showed that intracellular Mg 2ϩ can block ROMK channels under physiologic conditions, particularly those that would apply to the kidney during dietary K restriction. With high (100 mM) extracellular (luminal) K ϩ , Mg 2ϩ blocked only outward currents at positive membrane potentials, in agreement with previous results. 8, 14 We estimated the apparent K i in the absence of a membrane potential [K i (0)] to be about 5 mM with a voltage dependence (z␦) of approximately 0.6. Earlier studies reported a somewhat lower affinity [K i (0) ϳ 13 mM] and higher voltage dependence (z␦ ϳ 1). 8 The difference may reflect different methods of measurement; we used singlechannel events, whereas Lu and Mackinnon assessed macroscopic currents. 8 However, the differences do not affect the main conclusions of our study. The increase in the apparent BASIC RESEARCH www.jasn.org affinity of Mg 2ϩ with decreased external K ϩ is also consistent with previous studies. 8 To our knowledge, these are the first measurements of Mg 2ϩ block in the range of extracellular K ϩ that corresponds to the lowest values observed in vivo (i.e., around 1 mM).
Direct recordings from renal cells under conditions of low external K ϩ confirmed this effect of internal Mg 2ϩ in a more physiologic setting. The TPNQ-sensitive current, indicative of conductance through ROMK channels, was reduced to about 30% of controls by 1.2 mM Mg 2ϩ in the absence of a transmembrane voltage (Figure 5 ). This inhibition is somewhat greater than that measured in excised patches under similar conditions (Figure 2 ). This could reflect additional Mg 2ϩ -dependent processes that downregulate K ϩ channels that are lost in excised patches.
In addition to the effects of intracellular ions, ROMK channels were blocked by millimolar concentrations of extracellular Mg . A similar interaction has been observed for Kir2.1 channels. 20 The affinity of this block also increased with decreasing K ϩ . Its mild voltage dependence suggests a binding site located within the outer aspect of the pore.
In most cells, including renal cells, measurements of intracellular Mg 2ϩ range from about 0.3 to 1.0 mM. 18 Mg 2ϩ may enter the cell down an electrochemical activity gradient through channels such as TrpM6 and TrpM7. 21 It is less clear how the ion is removed from the cells to maintain the gradient. For Mg 2ϩ to have an influence on ROMK channel activity, the effective affinity, determined by both voltage-independent and voltage-dependent processes, would need to be in the millimolar range. In ROMK, this is achieved when luminal K ϩ concentrations are low. This would pertain to the DCT and also early portions of the CNT, where luminal [K ϩ ] is reduced by reabsorption in the thick ascending limb of Henle's loop and before significant K ϩ secretion has taken place. 15 The presence of other K ϩ channel blockers, such as spermine or other polyamines, could compete with Mg 2ϩ for blocking sites and therefore reduce the influence of Mg 2ϩ on K ϩ transport. However, the affinity of ROMK channels for polyamines is low, with K i values in the millimolar range, and the affinity of Mg 2ϩ relative to polyamines is higher in ROMK than in the strong inward rectifier Table 1 . block with a presumed cytoplasmic concentration of 0.7 mM (Figure 6 ). These results are consistent with the idea that Mg 2ϩ is more important than polyamines in determining the rectification properties of these channels.
These effects of Mg 2ϩ with both the inner and outer parts of the channel are of sufficient magnitude to modulate K ϩ secretion under physiologic conditions. One important effect could be to reduce ROMK conductance by Mg 2ϩ block, helping to conserve K ϩ in K deficiency. Lowering luminal K ϩ concentrations through K ϩ reabsorption will increase the affinity for Mg 2ϩ block from both the lumen and the cytoplasm, lowering rates of K ϩ secretion. Our results showed that this mechanism can occur over physiologic concentrations of the ions. Micropuncture studies of rats on a low-K diet indicated that K ϩ in the tubular fluid of the distal nephron is maintained at concentrations of 1 to 2 mM. 15 Under these conditions, the K i for block by cytoplasmic Mg 2ϩ is on the order of 1 mM, similar to measured concentrations of 0.5 to 1 mM in renal cells. [22] [23] [24] Thus, Mg 2ϩ will have a significant inhibitory effect on K ϩ secretion under conditions where urinary K ϩ loss would be detrimental. This could be particularly useful when the epithelial Na ϩ transport rate is high and the luminal membrane is depolarized, increasing the driving force for K ϩ secretion but also increasing the affinity for Mg 2ϩ block. However, once K ϩ in the lumen increases above 10 mM, as occurs under normal or high-K diets, 15 
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Mg 2ϩ effect will be diminished. Clearly other mechanisms such as the regulation of the number of channels in the apical membrane will affect K ϩ secretion during changes in K intake. However, a recent study 16 indicated that a significant ROMK conductance persists even with very low K intake. Thus, under these conditions, inhibition by Mg 2ϩ could contribute to K ϩ homeostasis by limiting K losses through the channels. Furthermore, relief of Mg 2ϩ block could contribute to K ϩ wasting observed during Mg deficiency. 5 Under these conditions, plasma Mg 2ϩ concentrations may fall to one third of normal values. [1] [2] [3] In cells in culture, cytoplasmic Mg 2ϩ decreases in parallel with that in the extracellular medium. 22 Using these values, we can calculate that, for an apical membrane potential around Ϫ40 mV and a luminal K ϩ of 1 mM, a decrease in cytoplasmic Mg 2ϩ from 1 to 0.5 mM would increase K ϩ conductance by about 30% ( Figure 3C ). In addition, Mg 2ϩ will be freely filtered by the kidney and will be maintained in the luminal fluid at values close to those of plasma up to the K-secreting portion of the nephron. A decrease in luminal Mg 2ϩ from 2 to 1 mM would also increase ROMK conductance by about 10 to 20% ( Figure 7C ). These effects are not large, but could contribute to K wasting over time. Again, because of the voltage dependence of the effect of intracellular Mg 2ϩ , the impact of reduced Mg 2ϩ will be largest when the apical membrane voltage is depolarized. This would happen when Na ϩ channel activity is elevated as a consequence of volume depletion. This circumstance would apply, for example, to the case of diuretic therapy, a common cause of hypokalemia that is exacerbated by Mg 2ϩ deficits. 5 The quantitative significance for such a mechanism under these circumstances is still speculative because we do not know the exact extent of the fall of cytoplasmic Mg 2ϩ in renal cells during Mg depletion in vivo.
CONCISE METHODS

Expression of ROMK2 in Oocytes
pSport plasmids containing rat ROMK2 cDNA were linearized with NotI restriction enzymes (New England Biolabs); cRNAs were transcribed with T7 RNA polymerase using the mMESSAGE mMACHINE kit (Ambion). cRNA pellets were dissolved in nuclease-free water and stored in Ϫ70°C before use. Oocytes were harvested from Xenopus laevis. All animal protocols were approved by the Institutional Animal Use and Care Committee of Weill-Cornell Medical College. Pieces of ovary were incubated in oocyte Ringer's solution with 2 mg/ml collagenase type II (Worthington) and 2 mg/ml hyaluronidase type II (SigmaAldrich) with gentle shaking for 60 minutes and another 30 minutes (if necessary) in a fresh enzyme solution at room temperature. Before injection, oocytes were incubated in oocyte Ringer's solution for 2 h at 19°C. Defolliculated oocytes were selected and injected with 0.15 to 0.5 ng cRNA. They were stored at 17°C for 24 to 48 hours in modified Barth's solution containing (in mM) 85 NaCl, 1 KCl, 0.7 CaCl 2 , 0.8 MgSO 4 , and 5 Hepes, pH 7.4, to permit channel expression. All chemicals were from Sigma-Aldrich unless otherwise noted.
Patch Clamp
Before use, the vitelline membranes of the oocytes were mechanically removed in a hypertonic solution containing 200 mM sucrose. Patchclamp pipettes were prepared from hematocrit capillary glass (VWR Scientific) using a vertical puller (Kopf Instruments). They were used without fire-polishing and had resistances of 2 to 8 M⍀. Pipette solutions contained (in mM) 110 KCl and 5 Hepes, pH 7.4, or reduced KCl (11 or 1 mM) with substitution by NaCl (99 or 109 mM). Bath solutions contained (in mM) 110 KCl, 0.2 to 3 mM MgCl 2 
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